I. INTRODUCTION
ZnO is long known as an environmentally friendly wide bandgap semiconductor with an exciton binding energy of 60 meV. 1, 2 The high exciton binding energy ensures that excitonic emission is significant at room temperature, and therefore, ZnO is a promising candidate for stable room temperature luminescent and lasing devices. 3, 4 ZnO with various morphologies, such as bulk ZnO, nanoparticles, films, nanowires, and tetrapods, has been extensively investigated for different applications. [5] [6] [7] [8] Among all morphologies, the one-dimensional (1D) ZnO nanorods (NRs) and nanowires (NWs) are the most common and studied structures. The high aspect ratio in ZnO NRs and NWs makes it possible to separate the length scales for light absorption and exciton diffusion; indeed, an optimized configuration for the solar harvesting devices could be obtained with a thick absorbing layer, to maximize energy collection, and small interwire spacing for improved optical density and, hence, more efficient current generation. 3, 9 High quality ZnO NWs have been successfully synthesized using vapor phase synthesis such as chemical vapor deposition (CVD), physical vapor deposition (PVD), molecular beam epitaxy (MBE), and pulsed laser deposition (PLD). Another widely used method to produce 1D ZnO nanomaterials is hydrothermal synthesis. 10, 11 Compared to vapor phase synthesis, hydrothermal synthesis has significant advantages, including lower cost and no need of vacuum atmosphere, and therefore, it holds potential for large scale production. However, due to the low temperature and solution phase synthesis, hydrothermally grown 1D ZnO products have more crystalline defects than others, primarily due to oxygen vacancies. 12 Post-treatments are often applied to improve the quality of the hydrothermally synthesized ZnO nanowires. Even at low temperatures, indeed, zinc vacancies (V Zn ) can be recovered since V Zn become mobile at temperatures higher than 540 K, while oxygen vacancies V O 2+ and V O 0 are annealed at 650 K and 900 K, 13 respectively. It is worth noting that the optical properties of different ZnO nanostructures may be very different in terms of defect emission intensities and decay times. No correlation was found between the PL lifetimes and the defect emission intensities and positions. The near band-edge UV emission has very short lifetimes (from tens of picoseconds to nanoseconds), which are most likely due to nonradiative defects correlated with the crystalline quality and do not contribute to the visible emission. [14] [15] [16] [17] An alternative post-treatment able to reduce the green emissions due to ZnO NW defects is the exposure to vacuum plasma using a hydrogen-containing process gas. In this case, the vacancies are filled by hydrogen, which diffuses through the ZnO crystal.
The hydrogen passivation and doping of the crystal lead to a reduction in the visible band emission, to an increase in the near band-edge emission (NBE) at about 380 nm, and to an increase in the conductivity. 18 The doping also reduces the depletion width close to the surfaces due to the trapping of free electrons at the surface states by increasing the electron concentration. 19 The use of process gases containing oxygen or nitrogen does not allow us to achieve results similar to hydrogen in the visible band emission reduction and NBE increase. In this case, the plasma effect is limited to the surface and no gas species diffusion in the ZnO crystals can easily be achieved. 20, 21 The hydrogen doping, stable at room temperature, is reversible after a heat treatment at 500 ○ C, which causes hydrogen to migrate out of the ZnO crystals.
No data are present in the literature on the effect of similar plasma post-treatments performed at atmospheric pressure on ZnO NWs. However, on aluminum-doped ZnO (AZO) films, an increase in conductivity can be obtained after film exposure to an atmospheric pressure plasma using hydrogen containing process gases. 22 The conductivity increase is due to the diffusion of hydrogen few tens of nanometers at the small grain boundaries of AZO, leading to passivation of the surface defects and to an increase in carrier concentration.
In this work, we report a simple room temperature atmospheric pressure plasma jet (APPJ) treatment, using a reducing process gas, on hydrothermally synthesized ZnO NRs vertically grown on fluorine-doped tin oxide (FTO) conductive glass substrates. The optical performances of APPJ-treated ZnO NRs were improved, and the possible mechanism was studied and compared with the as-prepared and thermally treated ones.
II. EXPERIMENTAL

A. Synthesis of ZnO NRs
ZnO NRs were synthesized using the hydrothermal method, according to Ref. 23 . First, a seed layer of ZnO was prepared by spin coating 0.01M zinc acetate/ethanol solution on FTO conductive glass. The FTO substrates were then annealed at 450 ○ C for 1 h at an ambient atmosphere to form the seed layer. The seeded substrates were put in a Teflon lined autoclave and immersed in a mixture of 100 mM Zn (NO 3 ) 2 ⋅6H 2 O and 100 mM hexamethylenetetramine (HMTA). The substrates were placed with the conductive side (with the seeded ZnO layer) down to avoid the precipitation of ZnO aggregates on the surface which may hinder the growth of NRs. The autoclave was heated at 95 ○ C for 3 h. After the hydrothermal synthesis, the ZnO NR samples were washed thoroughly with distilled water and dried in air to remove the rest of the reagents.
B. APPJ post-treatment on ZnO NRs
The plasma treatment under atmosphere conditions was performed by an APPJ (Stylus Plasma Noble, Nadir srl) 24 mounted on a plotter on the as-prepared ZnO NRs/FTO samples (AS-ZnO NRs). The jet outlet was positioned at 12 mm in order to avoid the direct plasma contact with the sample. The device has an outlet orifice of 3 mm and during the treatment was moved on a raster with a step of 1 mm at a speed of 300 mm/s. A series of samples were produced as a function of the number of raster's passes on the sample surface: from 1 to 50. In order to evaluate effects that occur taking the process to the limit, an additional sample was produced by rastering the surface through 100 passes with a jet to surface distance of 2 mm. The APPJ was used in RF mode with a forward power of 20 W. The APPJ is characterized by its low processing temperature, 25 and no heating was measured on the surface after the treatment (<35 ○ C). The process gas was argon (purity 99.999%) at 5 slm with the addition of 6 sccm of H 2 (purity 99.999%). A nitrogen gas shell around the plasma was introduced to avoid ambient air interactions during the treatment. The stability of the plasma treatment effects was checked as a function of time during annealing in air at 300 ○ C for 1 h. For comparison, some of the as-prepared samples, not treated with plasma, were annealed at 300 ○ C for 1 h in an ambient atmosphere to compare with the plasma treatment (Ann-ZnO NRs).
C. Sample characterizations
The morphology of the ZnO NRs was characterized using a Magellan 400 scanning electron microscope (SEM) from the FEI company. X-ray diffraction (XRD) patterns were recorded through a PANalytical Empyrean diffractometer using Cu Kα radiation. Raman spectra were acquired using a Senterra Raman spectrometer with 1200 groove/mm grating under 532 nm laser excitation.
To have a solid benchmark on PL measurements, steady-state PL analyses were carried out using two different systems: a FLS980 high-resolution spectrometer from Edinburgh Instruments and a HORIBA FluoroMax spectrofluorometer; in both systems, the samples were excited at 325 nm with a monochromatized broadband Xe lamp. Prior to the PL measurements, the samples were cleaned with 5 min UV exposure.
A 275 nm UV Edinburgh Instruments pulsed light emitting diode (EPLED) with a pulse width of about 730 ps was used for excitation during the measurement of the lifetime of ZnO UV emission at 376 nm. The PL quantum efficiency (QE, η) was measured using the Edinburgh FLS980 spectrometer equipped with an integrating sphere.
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The QE of ZnO/FTO samples was calculated by the following equation:
where S A and S B are the scatterings of excitation from a bare FTO substrate and the ZnO NRs/FTO samples, while E A and E B are the emissions from FTO and ZnO NRs/FTO samples, respectively. EA(FTO) is strong compared to EB(ZnO/FTO), as shown in Fig. SI-1 . However, the typical EA(FTO) spectra, for example, the three sharp peaks at 593, 615, and 685 nm, did not show up in the EB(ZnO/FTO) spectra. Therefore, we consider that ZnO NRs are dense and thick enough to absorb most of the incoming excitation, so that FTO was barely exposed to excitation and thus its contribution EA is negligible in QE calculation.
III. RESULT AND DISCUSSION
A. Morphology and structural properties
In Table I , the list of analyzed samples is collected. We varied in this study the number of passes on the whole sample area of the APPJ from 1 to 50. The plasma parameters were maintained constant, with a jet/sample distance of 12 mm to avoid plasma contact with the sample surface and using argon as the process gas with the addition of a small percentage ∼1 ‰ of hydrogen. A sample with 100 passes at a jet/sample distance of 2 mm was produced to show the effects taking the process to its limit with the setup used. In Fig. 1 , the SEM images indicate that both the as-prepared and plasma treated ZnO NRs have hexagonal cross-sections with diameter 50-70 nm and length around 1 μm, as it is typical for single crystalline NRs. 26 The ZnO NRs are mostly vertically aligned and slightly tapered. The morphology of ZnO NRs did not change after the plasma treatment.
XRD patterns [ Fig. 1(d) ] showed that all the samples exhibited very sharp and strong diffraction at 2θ=36.5 ○ , which indicates a single crystal structure of the single NRs, as expected from SEM, and their strong preferred orientation along the (002) plane. Such behavior is well documented in the literature for single crystalline oriented ZnO NR arrays in which the relative intensity of the peaks differs substantially from ZnO powders, due to the preferential orientation of the crystalline domains in oriented arrays of single crystals. 27, 28 Neither the relative intensity nor the peak position changed after the APPJ treatment except for a small broadening of the strongest (002) diffraction in the P-100 sample [orange curve in Fig. 1(e) ], which might be due to the interstitial hydrogen induced lattice relaxation. 1 Figure 1(f) shows the typical Raman spectrum of AS-ZnO NRs, consisting of two intense Raman peaks at 99 and 437 cm −1 , which are associated with the vibration of the heavy Zn sublattice (E 2-low ) and oxygen atoms (E 2-high ), respectively, 29 and a third weaker peak at around 330 cm −1 , which is related to second-order Raman processes, E 2-low −E 2-high vibration mode. The Raman spectra of plasma treated samples coincide with those of Ann-ZnO NRs and are identical to those of AS-ZnO NRs [ Fig. 1(f) ]. No peak shift or appearance of new peaks was observed after the plasma treatment. This indicates that the room temperature APPJ process and the annealing at 300 ○ C do not appreciably modify the structure of ZnO NRs. The Raman line at 570-580 cm −1 , which is often correlated with defects in ZnO powders and thin films, 30 is not observed in all the AS-ZnO and treated samples.
B. Steady-state photoluminescence
Steady-state photoluminescence is usually used to examine the quality of ZnO crystals and to highlight the effects of the posttreatments. 29 In this study, all the as-prepared ZnO-NR samples showed two emission bands under 325 nm excitation ( Fig. SI-2 ): a sharp UV-emission centered at 376 nm (usually called near band-edge emission, NBE) and a broad visible emission between 450 nm and 750 nm (usually considered to be defect related emission and indicated as deep-level emission, DLE). The NBE of ZnO at room temperature is attributed to the free-exciton recombination, while the visible emission is related to defects. It is still being debated in the literature if their cause is the oxygen or the zinc vacancy (V O or V Zn ). 13, 31, 32 The relative intensity of NBE and DLE (I NBE /I DLE ) is related to the synthesis methods, annealing temperature, aspect ratio of NRs, and measuring conditions. 33 For example, it has been reported that the I NBE /I DLE in ZnO nanoparticles with an average diameter of 20 nm increases from 0.15 to 1.72 when the aspect ratio increases from 1 to 5. 34 The ZnO NRs in this study had an average diameter of 50-70 nm and an aspect ratio in the range of 10-20. The PL of the as-prepared samples differed by no more than 10% in the whole measured wavelength range within the series, ensuring that the production process was reproducible and the samples were comparable ( Fig. SI-2 ). In the plasma treated samples [ Fig. 2(a) ], the NBE of all the samples showed an increase compared to that of the asprepared ones and a corresponding decrease in the DLE. The relative intensity ratio I DLE /I NBE reduced from about 50% in the as-prepared to less than 5% in the treated ones. The samples undergoing many passes in plasma reducing atmosphere (P-5, P-15, and P-50) showed an asymmetric broadening of the NBE band in the visible side, while the DLE band is remarkably quenched. Since no morphologies or crystal changes could be observed by SEM, XRD, or Raman spectroscopy, the changes of the optical properties have to be linked only to point defect recovery and band structure changes.
As already documented in the literature, the exposure of ZnO to H 2 vacuum plasma could induce hydrogen atoms penetrating into the ZnO structure since hydrogen is a fast interstitial diffuser in ZnO even at low temperatures. 20 The penetration depth of hydrogen could include the full NR volume. 35 The H 2 incorporation may improve the quality of ZnO NRs in two ways:
Path (1) Hydrogen passivates the recombination centers in ZnO NRs. The DLE caused by V O and V Zn related defects is passivated by trapping hydrogen, respectively, in a Vo-H complex (or Ho), resulting in a shallow donor bound or in a V Zn -H 2 complex which has no electronic levels in the gap. 36 The complexes are stable up to 400-500 ○ C. 13 The hydrogen can also combine with the hydroxyl groups present in the ZnO NRs and lead to water desorption. 37 Both cases improve the electron-hole recombination and thus lead to an increase in the UV-emission in PL spectra. 38 The stronger increase in the NBE intensity after just 1 pass in the plasma treatment relative to the annealing process may suggest that these passivation and water desorption processes involve a higher volume due to hydrogen diffusion.
Path (2) Hydrogen atoms can easily diffuse into the ZnO structure also in interstitial sites leading to a H i n-doping in ZnO NRs and also behaving as a shallow donor. 39 H i is mainly responsible for the improved conductivity after the plasma treatments. At the same time, it is much less stable compared to vacancy complexes and it was reported to desorb even at about 300 ○ C. 38 
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scitation.org/journal/apm Our results are coherent with the literature, suggesting that also at atmospheric pressure, the plasma treatment allows us to obtain hydrogen incorporation inside the ZnO crystals, with a process in the time scale of milliseconds. Even in the sample P-1, where the NR exposure to plasma can be estimated at less than 100 ms, the DLE is reduced to one third with respect to AS-ZN-O NRs and to lower values with respect to Ann-ZnO NRs. The low temperature of the annealing suggests that the main origin of the DLE was the V Zn , which have a lower energy mobility barrier. Moreover, the DLE, which is probably the combination of several contributions, is centered to low energy values, at about 2.14 eV, usually attributed to V Zn . 40, 41 The hydrogen diffusing in the NRs forms the complexes at the point defect sites, reducing gradually the deep levels in the energy gap. The DLE indeed decreases as a function of the passes, and at the same time, the NBE intensity and the FWHM increase. The asymmetric NBE broadening can be due to violet emission centers caused by the bound exciton states created by hydrogen incorporation. 42 In this case, it coherently follows the increase of hydrogen doping as a function of the number of passes.
However, the intensity of the NBE did not show a monotonic trend as a function of the number of passes. The single pass plasma treatment in the Ar-H 2 atmosphere resulted in a fivefold increase in the NBE intensity. The NBE intensity was further increased by increasing the number of passes, recording a maximum after 15 passes with 12-fold enhancement in I NBE . Samples treated with more than 15 passes showed similar NBE peak profiles with lower enhancement in the intensity. A contribution to the increase in the NBE is due to the reduction in the electron-hole recombination in the deep levels in the bandgap, while a second contribution is due to the formation of the shallow donor level due to interstitial hydrogen doping.
In order to explain the behavior of the NBE intensity, we can suppose that incorporation path (1) is dominant at the beginning of the treatment. When the as-prepared ZnO NRs are exposed to hydrogen plasma, the hydrogen atoms first interact with dangling bonds at the surface of the sample and by diffusion with oxygen and zinc vacancies inside the NRs, forming the complexes and by combination with OH groups leading to water desorption. This reduces the trapping of free electrons from deep level defects and results in an increased NBE intensity. A rough estimate of the order of magnitude of this effect can be deduced by the sample annealed at 300 ○ C in air for 1 h, which allows the reduction of the point defects and therefore of the DLE. A twofold increase in the NBE can also be observed in this annealed sample where no hydrogen doping is present. At a second stage, as the doping proceeds with incorporation path (2), since the point defects start being saturated by the complexes, the hydrogen atoms may penetrate into ZnO NRs as interstitial, H i , increasing the bound exciton emission. This two-step behavior has already been observed in ZnO films doped with hydrogen in different concentrations produced by magnetron sputtering. 43 As the doping concentration increases, the band bending at the surface due to trapping of free electrons is reduced, 19 changing therefore the aspect ratio of the NRs, and the formation of other donor-like defects, such as Zn i , is promoted. 43 Moreover, a high hydrogen doping concentration, as probably in the sample P-100, may also lead to higher microstrain in the crystal structure, as suggested by the broadening of the (002) diffraction in XRD [ Fig. 1(e) ]. All these effects can lead to a decrease in the NBE intensity without affecting the DLE, which is consistent with our PL measurements.
In order to support this interpretation of the doping process via APPJ, after the plasma treatment, the sample P-5 was further annealed in air at 300 ○ C for 1 h (P-5-Ann). The hydrogen doping process has been shown in the literature to be a reversible process at about 500 ○ C, due to hydrogen desorption. 42 The annealing at 300 ○ C aims to increase the mobility of the interstitial hydrogen without affecting the vacancy complexes. The PL results are shown in Fig. SI-3 and compared to the annealed-only and as-prepared samples. The NBE from the annealed P-5-Ann decreased to the magnitude of the annealed sample Ann-ZnO NRs: the heat process has therefore allowed the desorption of the H i . On the other side, the passivation of the DLE is not affected by the annealing (Fig. SI-4) , supporting the expected higher resistance of vacancy complexes to the temperature. In addition, if the NBE intensity increase was only due to the water desorption during the plasma process, the successive annealing would not have affected the NBE intensity. Also, this result suggests the doping description in two steps. The stability of the process was verified after 2 months of aging [ Fig. 3(a) ]. After aging, the sample P-15 still showed the maximum NBE among all the samples, with an I NBE increase to around 30 times, compared to the as-prepared sample. Compared to newly APPJ ZnO NRs, the DLE spectra from the samples after aging vary from each other. The P-100 sample has maximum visible emission around 525 nm, while the other samples have DLE centered around 600 nm. Figure 3 (b) and Table II both show that after aging, the P-15, P-50, and P-100 samples preserved the broadened NBE peak profile and that visible emission was less than 2% of the NBE intensity. After aging, the relative FWHM of the NBE emission in sample P-15 is strongly reduced, approaching values close to the asdeposited ones, with the previous trend as a function of APPJ passes being less visible. Also, the thermal annealing of P-5 led to the same reduction. Therefore, the H i may gradually diffuse out of the NRs reducing the stress of the microstructure.
C. Quantum efficiency (QE) of ZnO NRs
The steady-state PL showed an increase in the NBE intensity after the plasma treatment. However, whether the enhancement is due to the increase in light absorption or in emission efficiency from the absorbed light is still unknown. The fluorescence quantum efficiency (QE) was measured to clarify the matter.
Typically recorded ZnO spectra for QE calculation are shown in Fig. SI-1 . The Em FTO = EA is omitted in the QE calculation since the FTO emission is not visible in the ZnO emission spectra.
The photoluminescence QEs for different ZnO NR samples are calculated and plotted in Fig. 4 . It is clear that QE NBE (blue triangles) increases after annealing and is further enhanced after APPJ treatments, while QE DLE is reduced in all post-treated samples. All together, the APPJ treated samples result in a slightly improved total quantum efficiency QEtot (QEtot = QE NBE + QE DLE ). A similar measurement was performed on ZnO NRs; e.g., Gargas et al. 44 reported that the QE of ZnO is related to the morphology, defects in ZnO, temperature, and excitation power. The QE from our samples is very low, which is reasonable, considering the aspect ratio of the samples and the limited excitation power density (excitation from a Xe lamp and the light spot in the range of mm 2 ). However, the results show that even with low excitation power density, the plasma treated samples have much higher QE NBE and that the increase in the treatment time with 50 and 100 passes does not further enhance QE NBE . This effect is consistent with the NBE intensity behavior previously described, where an increase of the hydrogen doping level can be detrimental to the optical properties.
It can also be highlighted that the sample P-5-Ann showed a reduction in the QE NBE, but the QE DLE did not recover to the level of the annealed samples. This evidence testifies again that the defects responsible for the DLE are effectively passivated by the hydrogen atoms.
D. Lifetime of ZnO NR UV-emission
The time-resolved PL intensity of ZnO nanostructures has been extensively studied in the literature, evidencing often a biexponential decay behavior, [14] [15] [16] [17] with values ranging from tens to hundreds of picoseconds for the fast component (τ 1 ) and from hundreds of picoseconds to several nanoseconds for the long component (τ 2 ). The initial fast decay was attributed to the capture of excitons and carrier trapping by deep levels, followed by nonradiative relaxation processes, 45 while the slow component may be related to charge carrier trapping. The nanostructure morphology and crystalline quality also play an important role in the PL spectra and lifetime. 14, 15 Moreover, bulk and surface states have different optical and lifetime characteristics, contributing to spectral and lifetime broadening. All these aspects, together with the lack of correlation between the PL emission intensity and the PL decay time for both the fast and slow processes of the biexponential decay indicate that different defects or defect complexes are involved in the processes responsible for the luminescence and carrier trapping followed by nonradiative relaxation. 14 The time-resolved PL decay at 376 nm under 275 nm pulsed LED excitation is reported for our samples in Fig. 5 . Annealing of ZnO NRs at 300 ○ C and light APPJ (P-1) does not change the decay of UV-emission. Increasing the number of plasma treatment passes results in broadening of NBE spectra, reduction in NBE QE, and longer NBE decay. Like most other ZnO nanostructures, deconvolution fitting of the measured lifetime data reveals that the τ PL of our samples can be fitted by using a biexponential decay function. [14] [15] [16] [17] The numerical results for the fitting parameters are reported in Table S1 , evidencing a dominant role of the fast component. As previously discussed, several elements and defects are involved in the decay processes. Therefore, for comparison purposes, it is worth considering the average lifetime values, which are reported in Table III , calculated by using the following equation: 46
where A i and τ i (i = 1, 2) are the amplitudes and lifetimes of the two fitting exponential decay components. The average τ PL of the as-prepared sample is about 100 ps, while annealing induces a 10% reduction of this value. It is worth noting that the effect of plasma treatment is initially a 30% reduction of the lifetime, followed by a significant increase, up to 500 ps for the most intense plasma treatment (sample P-100).
In general, PL in ZnO consists of a band recombination process (NBE) and a radiative trap-related process (DLE). Additionally, nonradiative processes are also related to defects in the bulk structure. Our results show that a mild H 2 -APPJ treatment like in P-1 is enough to passivate defects related to radiative DLE. Stronger treatments, from P-15 samples, can induce a deeper effect on the passivation of defects responsible for nonradiative recombinations, in agreement with the significant enhancement in NBE and the suppression in DLE in steady-state PL spectra. Compared to P-15, P-50 and P-100 have a slightly longer lifetime, while the QE NBE and intensity of NBE decrease, which is probably attributed to the increasing interstitial hydrogen (H i ) in the ZnO NRs.
IV. CONCLUSIONS
In summary, we demonstrated the effect of atmospheric H 2plasma treatment on the optical properties of hydrothermally synthesized ZnO NRs. The results show that H 2 -plasma treatment at room temperature and under ambient air conditions (APPJ treatment) on ZnO NRs leads to an enhancement of the photoluminescence quantum efficiency (QE), attributed to the plasma process induced passivation of V Zn that significantly suppresses the deep level emission (DLE). Moreover, an increase in the NBE was observed that is related to ZnO NR doping by the interstitial hydrogen (H i ), and the average lifetime increases due to the suppression of nonradiative recombination defects. All the results demonstrate that the action of the atmospheric pressure plasma is not related only to the activation and control of chemical functionalities at the surfaces, but it also allows doping in the bulk of the crystal. Moreover, the APPJ treatment induced stable enhancement in ZnO NR performance, which lasts even after exposure to UV irradiation and after keeping the sample in air for several months.
The high efficiency of the APPJ process and the possibility to apply it at room temperature and in an ambient environment make it a competitive alternative to heat treatment and vacuum plasma processes for the control of the conductivity and UV/Vis emissions of ZnO nanostructures. Moreover, it may find interesting applications also in the hydrogen doping of transparent conductive oxides on polymers.
SUPPLEMENTARY MATERIAL
See supplementary material for PL spectra recorded with an integrating sphere for QE calculation and PL of ZnO NRs under various conditions, including: no APPJ process, after aging, and after annealing. The numerical results of biexponential fitting of the NBE PL decay are also collected.
